The authors demonstrate doping-tunable extraordinary transmission from subwavelength apertures in a periodic two-dimensional metallic grating deposited upon n-doped GaAs. By varying the doping of the underlying GaAs epilayer, they demonstrate wavelength tunability of ϳ23 cm −1 or approximately 0.15 m. The authors have achieved transmission peaks as narrow as 18 cm −1 with such gratings, which suggests that devices based on midinfrared extraordinary transmission gratings could be used in external cavity structures for quantum cascade lasers, or as tunable filters or modulators for midinfrared applications. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2737138͔ It has been known for some time that metallic films having periodic subwavelength perforations or corrugations can exhibit unique transmission properties. Ebbessen et al. studied such structures and demonstrated the phenomenon of extraordinary transmission ͑ET͒, where, at certain wavelengths, more light passes through the sample than predicted by aperture theory.
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It has been known for some time that metallic films having periodic subwavelength perforations or corrugations can exhibit unique transmission properties. Ebbessen et al. studied such structures and demonstrated the phenomenon of extraordinary transmission ͑ET͒, where, at certain wavelengths, more light passes through the sample than predicted by aperture theory.
1,2 This effect has been ascribed to surface plasmon ͑SP͒ enhancement of the transmission process. There has been significant interest in utilizing such structures for a variety of photonic devices, the majority of which are designed to function in the visible and near infrared.
Advances in midinfrared ͑mid-IR͒ sources and the growing field of mid-IR photonics make the mid-IR ͑3-30 m͒ a very attractive wavelength range into which to extend this technology. Although less work has been done in this range, meshes and periodic structures utilizing SPs and designed for the mid-IR have been shown to have similar properties to structures in the visible. [3] [4] [5] Beyond this, it has also been shown that chemical attachment to the mesh surface can enhance the sensitivity of molecular absorption measurements by several orders of magnitude. 4 This letter discusses and experimentally verifies a SP resonance tuning mechanism well suited to the mid-IR, free electron tuning of the dielectric constant in a semiconductor. While a related mechanism has been investigated for tuning and switching at terahertz frequencies in pure semiconductor gratings, 6 we focus here on metallic gratings fabricated on doped semiconductor substrates using the well studied geometry of a rectangular lattice of holes fabricated in a metal film. The advantage of such gratings operating in the mid-IR, in addition to the numerous applications in mid-IR spectroscopy and sensing, lies in the simplified fabrication process ͑optical lithography, as opposed to focused ion beam milling or e-beam lithography required for shorter wavelengths͒ and the possibility of developing active grating devices.
A small portion of the grating structure used is shown in the inset of Fig. 1 ͑full lattice is ϳ3000ϫ 3000 holes͒. Normal incidence transmission of such a structure involves primarily two mechanisms, SP excitations at the air/metal interface and SP excitations at the metal/dielectric interface. A general expression for the SP resonance condition is given by
͑1͒
Here, is the free space wavelength, a 0 is the lattice constant, i and j are integers related to the reciprocal lattice vectors 2 / a 0 x and 2 / a 0 y, respecitvely, s is the real part of the dielectric constant of the semiconductor ͑or air͒, and m is the real part of the dielectric constant of the metal. For commonly used metals ͑Au, Cu, Ag, Al͒, in the mid-IR, ͉ m ͉ ӷ ͉ s ͉, so Eq. ͑1͒ reduces to its simpler form in our case. Equation ͑1͒ indicates that the air/metal and air/dieletric modes will occur at different frequencies due to the differences in dielectric constant between the semiconductor and air. While the details can become quite involved, it has been found that incident light at either set of resonant frequencies, from either side of the metal film, leads to extraordinary transmission. same resonant frequency, although that leads to further enhancement of transmission. 7, 8 The free electrons in bulk semiconductors can exhibit well known collective charge oscillations, or plasmons, where the natural resonance frequency is given ͑in cgs units͒ by p 2 =4ne 2 / m * . Here n is the carrier concentration, e is the charge of an electron, is the background dielectric constant of the semiconductor, and m * is the effective electron mass in the semiconductor. In metals, for the most part, electrons dictate the optical properties and the plasmon frequency determines when a metal will become transparent to radiation. The situation is similar for semiconductors with two important differences: in a semiconductor, unlike a metal, ͑1͒ the free-carrier density can be easily tuned and ͑2͒ there exists a background dielectric constant independent of electron concentration. Neglecting scattering, the frequency dependent effects of free carriers can be incorporated into the dielectric function of the semiconductor using
Figure 1 displays the frequency dependent dielectric function for various doping concentrations in GaAs. A vertical line in the plot of Fig. 1 is drawn at wavelengths of 8 m ͑the design wavelength for the structures studied in this work͒, 1.5 m ͑telecom wavelength͒, and 600 nm ͑visible͒. As can be seen, a change in the free-carrier concentration of the semiconductor causes a corresponding change in the dielectric constant, which grows increasing pronounced as we move to longer wavelengths. Combining Eqs. ͑1͒ and ͑2͒, completes the framework for our SP tuning mechanism.
Data were collected using a Fourier transform infrared spectrometer. Samples were analyzed at room temperature using an external, liquid-nitrogen cooled mercury cadmium telluride detector. Spectral resolution of 1 cm −1 was used and data were averaged over 100 scans. Three separate samples were studied, 7947, 7952, and 7954. Sample 7952 consists of 2 m of Si-doped GaAs, with a dopant density of 1 ϫ 10 16 cm −3 . Sample 7947 consists of 1.2 m of Si-doped GaAs, doped 5 ϫ 10 17 cm −3 . Finally, sample 7954 consists of 0.5 m of Si-doped GaAs, doped 3 ϫ 10 18 cm −3 . All samples were grown by metal-organic chemical vapor deposition on semi-insulating substrate. Carrier densities were determined by Hall effect measurements taken using the Van der Pauw geometry at room temperature.
Gratings, consisting of a square lattice of circular openings in a thin metal film, were designed so that the fundamental metal/dielectric mode ͑i 2 + j 2 =1͒ would occur at a free-space wavelength of 8 m on undoped GaAs. This resulted in a design lattice constant of 2.4 m and hole diameters of 1.2 m, though the final hole diameters achieved were closer to 1.3 m. For reference, the fundamental air/ metal mode would occur near 2.4 m free-space wavelength and is outside of the measurement range in all data presented here. The subwavelength gratings were fabricated by optical lithography, Ti/ Au ͑100/ 500 Å͒ metallization, and lift-off. Typical peak transmittances for our samples, at 0°incidence angle, are approximately 20% and as large as 27%. Normalizing with respect to the unmetallized area on the sample surface, our gratings show transmission as high as 126% ͑without even accounting reflections or other sources of loss in the samples͒, indicating that we are indeed working the ET regime. Figure 2 shows the transmission spectra for sample 7954 with light polarized parallel to the axis of rotation ͑a͒ and perpendicular to the axis of rotation ͑b͒, for incidence angles from 0°to 32°, in 4°steps. The transmission spectra show a clear, polarization-dependent splitting of the SP modes as a function of incidence angle. The angular and polarization dependence of the transmission spectra for our samples are similar to the equivalent measurements of ET gratings on quartz substrates in the near-IR regime. The position of the fundamental metal/dielectric SP transmission peak is strongly dependent on the dielectric constant of the dielectric material. Figure 3 shows the transmission peaks for the three samples considered in this study. Each spectra was taken with incident light polarized as shown in Fig. 2͑a͒ and collimated in order to minimize peak widening due to k 0 wave vectors. A clear blueshift of the transmission peak is seen as the doping level of the semiconductor substrate is increased. A shift of ϳ23 cm −1 is seen when the sample 7952 ͑doping of 1 ϫ 10 16 cm −3 ͒ is compared to sample 7954 ͑doping of 3 ϫ 10 18 cm −3 ͒. This shift is indicative of the shift in dielectric constant of the semiconductor as a function of doping. It should be noted, however, that the magnitude of the transmission peak shift is less than was calculated using Eqs. ͑1͒ and ͑2͒. This may be a result of a number of factors, including the varying thicknesses of the doped epilayers and surface depletion effects at the metal/ dielectric interface.
FIG. 2. Transmission for highly doped ͑3 ϫ 10
18 cm −3 ͒ sample as a function of incident angle for angles from 0°͑top trace͒ to 32°͑bottom trace͒ in 4°i ncrements. ͑a͒ Transmission spectra for light polarized orthogonal to the axis of rotation. ͑b͒ Transmission spectra for light polarized parallel to the axis of rotation. The dashed lines are added as aids for visualizing the peak splitting in both plots and follow the peak structure of the spectra. The surface plasmon modes are labeled above the 0°spectra for both ͑a͒ and ͑b͒. Transmission spectra as a function of incident angle for the more lightly doped samples show identical structure, shifted slightly in wave number.
Finally, in order to most efficiently and effectively utilize extraordinary transmission gratings as mid-IR optical components, control over the width of the transmitted peak is desirable. The width of the transmission peak will be determined by a number of factors, such as inhomogeneity in the dielectric, nonuniformity of the grating, and the range of wave vectors incident on the grating. The wave vector broadening comes from the fact that SPs have a dispersion with respect to in plane wave vector.
2 To determine the width of the transmission peak in our grating samples, we studied the spectral characteristics of the first order SP transmission mode as a function of the entrance optics used to couple light into the gratings. The results are shown in the inset to Fig. 3 . As the focal length of the entrance optics is increased ͑from 2 to 6 in. to ϱ, or collimated light͒, we see a distinct narrowing of the transmission peak. As longer focal lengths are used, the range of k vectors incident on the grating surface narrows as the in-plane k components are reduced. For collimated light, we see a peak width of 18 cm −1 ͑ϳ2.2 meV͒, over a fourfold improvement from the 2 in. entrance optics, which give a broadening of 86 cm −1 . In conclusion, we have demonstrated doping-tunable transmission through extraordinary transmission gratings in the midinfrared. We have shown tuning of 23 cm −1 by adjusting the doping levels, and thus the dielectric constant, of the grating substrate. Additionally, we have demonstrated bandpass filter widths as narrow as 2.2 meV for collimated incident light. We note that the dielectric tuning technique outlined in this letter can be applied to a variety of different structures beyond the simple rectangular lattice described here. In sum, these results suggest the feasibility of fabricating active midinfrared optical components. 
